Botrytis cinerea is a fungus that causes gray mold on many fruit crops. Despite the availability of a large number of botryticides, the chemical control of gray mold has been hindered by the emergence of resistant strains. In this paper, tests were done to determine the botryticidal efficacy of selected plant extracts alone or combined with kresoxim-methyl. In total, eight South African medicinal plants viz Artemisia afra, Elyptropappus rhinocerotis, Galenia africana, Hypoxis hemerocallidea, Siphonochilus aetheopicus, Sutherlandia frutescens, Tulbaghia violacea and Tulbaghia alliacea were screened. Allium sativum, a plant species known to have antifungal activity, was included in the in vivo studies. For the in vitro studies, synergistic interactions between the plant extracts and the kresoxim-methyl fungicide were tested with radial growth assays. Data indicated synergistic inhibitory effects between the fungicide and the plant extracts. Next, different doses of plant extracts combined with kresoxim-methyl were used for decay inhibition studies on Granny Smith apples. Synergistic and additive effects were observed
extracts and the kresoxim-methyl fungicide were tested with radial growth assays. Next, different doses of plant extracts combined with kresoxim-methyl were used for decay inhibition studies on Granny Smith apples. Taken together, results showed that the tested indigenous South African plants possess natural compounds that potentiate the activity of kresoxim-methyl. This report offers an attractive prospect for the development of alternative strategies for controlling B. cinerea.
Results

Effect of Plant Extracts Alone and in Combination with Kresoxim-Methyl on the Growth of B. Cinerea in vitro
Firstly, the in vitro inhibitory effects of eight medicinal plant extracts alone and in combination with kresoxim-methyl on B. cinerea growth were studied (Table 1 ). In the absence of kresoxim-methyl, most of the plant extracts tested produced weak inhibitory effects (>50% inhibition). Only G. africana and E. rhinocerotis extracts showed radial growth inhibition >50%, at all doses tested and 500 mg·mL −1 , respectively. In general, the mycelium growth of B. cinerea decreased with increasing plant extract doses. In vitro studies with methanol extracts of A. afra, A. sativum, E. rhinocerotis, H. hemerocallidea, S. aethiopicus, S. frutescens, T. alliacea, and T. violacea showed weak antifungal properties against B. cinerea. The strongest antifungal activity in the radial growth bioassay was observed for G. africana extracts.
Although kresoxim-methyl (2.5 mg·mL showed statistically significantly high inhibition levels compared to the kresoxim-methyl control, it only produced additive interactions (SR 0.5-1.5). The E. rhinocerotis extracts showed optimal botryticidal activity at 250.0 and 500.0 mg·mL kresoxim-methyl combinations. However, when the plant extracts were combined with kresoxim-methyl, significant reduction in mycelium growth of the fungus was observed for almost all of the combinations. The inhibitory effects in combinations with kresoxim-methyl were especially significant for extracts of A. ). Kresoxim-methyl, in combination with the higher plant extract dose of 62.5 mg·mL
, produced primarily additive interactions.
Experimental Secion
Pathogen Preparations
Non-resistant Botrytis cinerea was isolated from the surface of "Granny Smith" apples infected with gray mold disease and maintained on potato-dextrose agar (PDA) at 25 °C for 14 days (Disease Management Division, Agricultural Research Council (ARC) Infruitec-Nietvoorbij, South Africa). Fresh inoculum was prepared by transferring spores from stock cultures to PDA and incubating these at 25 °C in the dark under a white fluorescent light with a 12:12 light:dark photoperiod. The synergism ratio for percentage inhibition (values in bold) was based on the Abbott formula as described by [26] . Radial growth inhibition values of the plant extract and Stroby The synergism ratio for percentage inhibition (values in bold) was based on the Abbott formula as described by [26] . Decay inhibition mean values of the plant extract and Stroby ) in the column.
Preparation of Plant Extracts
The plant parts of the following medicinal plant species used in traditional medicine practices in South Africa were obtained for the preparation of plant extracts: Artemisia afra Jacq. Where fresh plant organs were used, the organs were homogenized in a Waring blender and 50 g of the macerated plant was then extracted overnight in 100 ml methanol (MeOH; 99.8% Sigma Aldrich) in a closed conical flask at room temperature to obtain 50% (w/v) (500 mg·mL
) crude, viscous liquid extract. Where dried leaves were used, the leaves were powdered in a hammer mill and 50 g extracted overnight in a closed conical flask at room temperature in MeOH to obtain 50% viscous liquid extracts. Each crude methanol extract was filtered through Whatman No. 4 qualitative filter paper and stored at 4 °C until used. For the in vitro and apple fruit bioassays two-fold dilution series of the 50% crude plant extracts were prepared with deionized sterile water as described below. kresoxim-methyl provided the highest inhibitory effects with plant extracts in the radial growth experiments. Each plate was inoculated with 3-mm mycelial plugs removed from the margins of actively growing 14-day-old B. cinerea cultures, and placed upside down on the PDA surface. Radial growth was assessed 5 days after incubation at 22-23 °C.
In vitro Assay
Postharvest Assay on Apples
The apple cultivar, Granny Smith, were removed from cold storage, surface-sterilized with 70% EtOH for 2 min and air-dried. Each apple was wounded (5 mm in diameter and 3 mm in depth) three times halfway between the calyx and the stem end. A 20-μL drop of each plant extract and kresoxim-methyl was placed in the wounds and allowed to air-dry for two hours before application of a 20-μL conidial suspension (1 × 10 4 spores mL . Controls consisted of sterile water and methanol without the compounds to be tested.
Fruits were stored in commercial cardboard boxes at 20 °C in a high humidity (95% RH) walk-in incubator. Diameter of B. cinerea decay lesions was determined after a 7-day incubation period.
Statistical Analysis
The in vitro experimental design was completely randomized. Each mycelial plug in a Petri dish constituted a replicate. To assess differences in the mycelial growth of B. cinerea among the treatments the percentage inhibition were calculated from the radial growth as:
All analyses were carried out using SAS Version 8.2 [27] . For the apple bioassay each treatment was performed on three apples, each with triplicate wounds. Percentage inhibition was determined for each replicate and averaged for the three apples. Data for percentage decayed fruit were subjected to a standard analysis of variance. The analysis of variance was performed using SAS Version 8.2 [27] . Student t-Least Significant Difference was calculated at the 5% significant level to compare treatment means of percentage inhibition. The synergism ratio for percentage inhibition was based on the Abbott formula [28] as described by Gisi [26] :
In this study, Cexp was the expected efficacy of the mixture, with A and B the control levels given by kresoxim-methyl and the medicinal plant extract, respectively. The synergy ratio (SR) between the observed (Cobs) and expected (Cexp) efficacies of the mixture was calculated as:
An SR >1.5 indicates a synergistic interaction between compounds; 0.5-1.5 indicates an additive interaction between compounds; <0.5 indicates an antagonistic interaction between compounds [29] .
Discussion and Conclusions
In recent years there has been a drive to find alternatives to chemical fungicides considered as safe and with lower risk to human health and the environment. Satisfactory results have been reported using biocontrol or antagonistic microorganisms [30] and natural compounds including various plant extracts [31, 32] . Natural plant protectants with antimicrobial activity have been studied since they generally tend to have low mammalian toxicity, low environmental impact and wider public acceptance [5, 20] . Secondary plant metabolites are often active against a small number of specific target microbial species and are biodegradable to nontoxic products, making it potentially valuable in integrated pest management programs [2] . Also, identifying synergistic combinations of fungicides and natural plant compounds could result in control strategies with high biological activity, low dose rate application and a low risk of pathogen-resistance development [5, 20] . In this study, the reason for the reduced B. cinerea sensitivity to the combinations of kresoxim-methyl and plant extracts at higher doses has not yet been elucidated. We speculate that this could be indicative of competitive inhibition resulting from constituents in the plant extracts competing for the mode of action sites of kresoxim-methyl. This would effectively impede the complete inhibition of mitochondrial respiration, since the binding site of kresoxim-methyl is the ubihydroquinone cytochrome-c oxidoreductase [33] . In fact, more recent studies with plant extracts showed that polyphenols could stimulate and/or enhance mitochondrial function [34] [35] [36] . Whether polyphenols act directly or indirectly to enhance mitochondrial functions and whether this requires binding of polyphenols to a specific receptor remain to be investigated. Studies with arbuscular mycorrhizal fungi showed that plant root-exuded factors cause changes in fungal mitochondrial morphology, orientation, and overall biomass and rapidly induces the expression of certain fungal genes and, in turn, respiratory activity before intense branching [37] .
Interestingly, in this study the extract from T. violacea from the Western Cape showed higher inhibitory and synergistic activities in combination with Stroby ® compared to the T. violacea extracts from the Eastern Cape and the A. sativum extracts. We do not know the reason for this observation as yet. However, due to the close relationship between Allium and Tulbaghia species within the Alliaceae family the biological and chemical characteristics of the two species seems to be comparable [38] . Interestingly, even though the E. rhinocerotis extract showed synergistic effects in the in vivo study, it did not produce a similar effect in the in vitro study. This could be a result of the type of biological formulation used, which could have affected the efficacy of the extract in the in vitro study [39, 40] .
As yet, we do not have an explanation for the lower ratios of synergistic reactions for the plant extract and kresoxim-methyl combinations in vivo compared to in vitro. However, this paper provided evidence that compounds in the tested plant extracts contributed additively and/or synergistically with the fungicide, kresoxim-methyl. In the in vitro radial growth assays, synergistic inhibitory effects were observed between kresoxim-methyl and plant extracts. Finally, in decay inhibition studies on Granny Smith apples synergistic and additive effects were observed for many of the combinations. Interestingly, the antifungal activities of the plant extracts in combination with the kresoxim-methyl did not appear to be dose-dependent. Although only one strain of B. cinerea was used in this study, we showed that sub-inhibitory concentrations of the kresoxim-methyl fungicide and very low dose rates of plant extracts can act in synergy for the potential control of gray mold in apples.
